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ABSTRACT 
 
Shale gas has become an increasingly significant and popular unconventional source of energy in the 
world in recent years. This trend is mostly visible in North America, where this unconventional gas is 
known as a “global game changer”, but interest in shale gas is growing in many other regions such as 
Europe, Asia and Australia. The popularity of shale gas is explained by a growing demand for natural gas 
and a potential shortage of supply from conventional sources in the very near future. Advances in 
technology, such as horizontal well completion and hydraulic multi-fracturing of such a well, which may 
reactivate natural fractures, have played a major role in the successful exploitation of shale gas reservoirs.  
Characterization of unconventional gas reservoirs (UGRs) is a complex task which requires the 
integration of a huge amount of data from different sources. This paper illustrates the use of reservoir 
simulation and well test analysis as methods to characterize a given shale gas reservoir. 
This study presents how reservoir simulation with proper hydraulic fracture modelling was useful for 
understanding the behaviour of a shale gas reservoir and a fractured horizontal well, and for forecasting 
gas rates and cumulative gas production. A new approach to hydraulic fracture modelling in a numerical 
simulator was successfully tested for a given field with data for 5 wells. Actual data was essential to use 
during history matching to validate the model.  
Well test analysis (WTA) of both real and synthetic data generated from reservoir modelling was 
another part of this work. For an unconventional shale gas reservoir, well test analysis is often complex 
with very long transient periods caused by extremely tight formations and the main outputs of 
interpretation are average permeability and hydraulic fracture properties. Production from shale gas 
reservoirs is characterized by high rates immediately after hydraulic fracturing and steadily decreasing 
rates thereafter, and pressure transient data, even when it is available, is short and noisy. That is why a 
deconvolution technique was used to convert variable rate pressure history into an equivalent unit rate 
initial drawdown; then well test analysis techniques were applied to analyze deconvolved pressures. A 
single equivalent fracture solution was successfully applied for analysis of data from multi-fractured 
horizontal wells. 
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Abstract 
Shale gas has become an increasingly significant and popular unconventional source of energy in the world in recent years. 
This trend is mostly visible in North America, where this unconventional gas is known as a “global game changer”, but 
interest in shale gas is growing in many other regions such as Europe, Asia and Australia. The popularity of shale gas is 
explained by a growing demand for natural gas and a potential shortage of supply from conventional sources in the very near 
future. Advances in technology, such as horizontal well completion and hydraulic multi-fracturing of such a well, which may 
reactivate natural fractures, have played a major role in the successful exploitation of shale gas reservoirs.  
Characterization of unconventional gas reservoirs (UGRs) is a complex task which requires the integration of a huge 
amount of data from different sources. This paper illustrates the use of reservoir simulation and well test analysis as methods 
to characterize a given shale gas reservoir. 
This study presents how reservoir simulation with proper hydraulic fracture modelling was useful for understanding the 
behaviour of a shale gas reservoir and a fractured horizontal well, and for forecasting gas rates and cumulative gas production. 
A new approach to hydraulic fracture modelling in a numerical simulator was successfully tested for a given field with data for 
5 wells. Actual data was essential to use during history matching to validate the model.  
Well test analysis (WTA) of both real and synthetic data generated from reservoir modelling was another part of this work. 
For an unconventional shale gas reservoir, well test analysis is often complex with very long transient periods caused by 
extremely tight formations and the main outputs of interpretation are average permeability and hydraulic fracture properties. 
Production from shale gas reservoirs is characterized by high rates immediately after hydraulic fracturing and steadily 
decreasing rates thereafter, and pressure transient data, even when it is available, is short and noisy. That is why a 
deconvolution technique was used to convert variable rate pressure history into an equivalent unit rate initial drawdown; then 
well test analysis techniques were applied to analyze deconvolved pressures. A single equivalent fracture solution was 
successfully applied for analysis of data from multi-fractured horizontal wells. 
 
Introduction 
Shale gas is an unconventional type of gas, like coalbed methane and tight gas sands. Shale gas reservoirs are less developed in 
comparison with conventional gas sources, but contain a large portion of the remaining gas reserves in the world. The main 
characteristics of shale gas reservoirs are that they can act both as source rock and as a reservoir, they exhibit extremely low 
matrix permeabilities on the nanodarcy scale and do not require a trapping mechanism (Burns 2011) compared to conventional 
or tight gas reservoirs (Figure 1). 
 
Figure 1 ─ Shale gas geology compared to other types of gas reservoirs (US Energy Information Administration, 2011). 
Imperial College 
London 
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Gas in shale gas formations is stored in natural fractures and pore spaces as a free gas, and some gas is adsorbed in the 
organic matter and mineral surfaces. Exploitation of these reservoirs has become economically viable after introducing such 
technologies as horizontal drilling and multi-stage fracturing. However, the behaviour of shale gas reservoirs and the complex 
man-induced fissure networks geometry are mainly poorly understood. That is why different reservoir characterization 
methods for different scales in the reservoir (Figure 2) are required for better understanding of UGR. For instance, the results 
of a well test analysis are useful for estimation of the mesoscale and macroscale properties of UGR. 
 
Figure 2 ─ Gas flow in shale gas formations at different scales, from the reservoir to the wellbore (Javadpour et al. 2007). 
 
Reservoir simulation of shale gas reservoirs mainly consists of reservoir and hydraulic fracture modelling, history 
matching of existing data and forecasting for different field scenarios. Numerous studies have been done recently in reservoir 
modelling of UGR to describe the term Stimulated Reservoir Volume (SRV), which is the volume of shale reservoir that has 
been stimulated by hydraulic fracturing and its impact on well performance (Mayerhofer et al. 2006, 2008). These studies 
showed that increasing SRV and maximizing fracture density will provide better well productivity and higher recovery factors. 
In addition, conductivity of induced fractures and fracture networks should be high for economically viable gas production 
(Warpinski et al. 2008). Other papers assert that understanding fracture treatment design is of considerable importance, and 
describe the effect of proppant distribution, fractures conductivity and staging in complex fracture networks on horizontal well 
productivity in shale gas reservoirs (Cipolla et al. 2008, 2009a, 2009b).  
Many authors have focused on the gas desorption effect, which is the production of adsorbed gas, as a main challenge in 
modelling shale gas reservoirs. The analytical solution for this effect for single phase gas flow was given by Bumb and Mckee 
(1988), where they described desorption with the Langmuir isotherm which was defined by 2 main parameters – Langmuir 
volume (theoretical maximum amount of adsorbed gas) and Langmuir pressure (pressure required to adsorb half of the 
Langmuir volume). However, the effect of gas desorption may be not so significant for some shale gas reservoirs where 
flowing bottomhole pressures are much higher than Langmuir pressure (Cipolla et al. 2009c; Houzé et al. 2010).  
The importance of natural fractures in shale gas reservoirs was also studied by different authors who concluded that this 
effect could be either positive (successful reactivation of natural fractures) or negative (sealed fractures) for well performance 
(Montgomery et al. 2005; Gale and Holder 2010). 
The objective of this work was to carry out a simulation of typical exploitation of a shale gas reservoir with horizontal 
wells with perpendicular hydraulic fractures. This study was completed with reservoir simulation software, where the fracture 
is considered as part of the well. This approach is believed to provide the most realistic calculation of fluid inflow to the well 
(Rock Flow Dynamics 2011a, 2011b). History matching technique was used to tune and validate the models. 
Another objective of this paper was well test analysis of available data. The main objectives of pressure transient analysis 
are to evaluate well performance and to obtain reservoir parameters, such as: skin factor, average permeability, average 
reservoir pressure, possible outer boundaries and reservoir heterogeneities, etc. However, for a shale gas reservoir WTA is not 
an easy task and is characterized by very long transient periods because of ultra-low matrix permeabilities. Data from WTA in 
UGRs is generally very short and sometimes even not available; that is why production data analysis is a more popular tool for 
shale gas reservoir characterization, with many recent publications on this subject (Mattar et al. 2008; Bello and Wattenbarger 
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2010; Anderson et al. 2010; Ilk et al. 2010, 2011); however, production analysis was not a purpose of this project, so it was 
not studied in this paper. 
Previously, shale reservoirs were described as naturally fractured reservoirs with a dual porosity system consisting of 
primary (matrix) and secondary (fissures) porosity, as proposed first by Warren and Root (1963). Later, Kucuk and Sawyer 
(1980) developed analytical solutions for shale gas reservoirs. Carlson and Mercer (1991) also studied shale gas reservoirs and 
concluded that these reservoirs are special cases of dual porosity because of the tight formation. 
Nowadays, multi-fractured horizontal wells are the most popular technological solution for successful exploitation of shale 
gas reservoirs. The analytical solutions for fractured wells were introduced by Gringarten et al. (1974, 1975) for infinite 
conductivity fractures and by Cinco-Ley et al. (1978) and Cinco-Ley and Samaniego (1981) for finite conductivity fractures. 
The first analytical solutions for horizontal wells were developed by Daviau et al. (1988). Later analytical solutions for 
fractured horizontal wells were presented by Soliman et al. (1990) and Larsen and Hegre (1991). Larsen and Hegre (1994) and 
Raghavan et al. (1997) proposed analyzing multi-fractured horizontal wells, which are used in shale gas reservoirs, as a single 
fracture model with rate divided by the number of individual fractures at early time and total rate at late time. The current 
solution in industry for analyzing multi-stage fractured horizontal wells is to use an equivalent single fracture with a half-
length equal to the sum of all individual fracture half-lengths (Houzé et al. 2010) where the well can exhibit fracture linear, 
well + fracture compound linear and pseudo-radial flow regimes. However, in the real world one is unlikely to see other flow 
regimes, except linear flow caused by the extremely low permeabilities of shale formations. 
In this study, real well test data from 5 wells and synthetic data obtained from a reservoir modelling tool for the same wells 
were analyzed applying the stable algorithm for deconvolution introduced by von Schroeter et al. (2001). Unit rate initial 
drawdowns obtained from deconvolution were interpreted later in WTA software in a conventional way. The results obtained 
showed that a single equivalent fracture could be used to interpret data from multi-fractured horizontal wells. However, good 
estimates of initial average reservoir pressure and permeability from other sources are essential for pressure transient analysis 
in UGRs because radial flow will never be reached during normal well tests in shale gas formations. 
The structure of this paper is organized as follows: first, the methodology for all analyses are given. Second, the reservoir 
modelling results are described, followed by well test analysis of both synthetic and observed data. Finally, discussion about 
the obtained results and concluding remarks are presented.  
 
Methodology 
Hydraulic fracture modelling  
Reservoir simulation with hydraulic fractures modelling is an important method of shale gas reservoir characterization. In this 
study, a working shale gas model to understand well performance and reservoir behaviour was produced. 
The observed data for 5 wells exploiting the Marcellus shale geological formation were analyzed. These wells are divided 
into 3 areas with slightly different petrophysical characteristics. All the wells are horizontal and multi-fractured. Well data, 
PVT data and petrophysical data were used to build several simple reservoir models (see Appendices C, D and E). Individual 
well simulation, followed by whole field modelling with history matching, was completed. 
In shale gas reservoirs simulation, proper modelling of induced fractures is extremely important, because hydraulic 
fractures are key drivers of successful exploitation of extremely tight shale gas formations. In this paper, the tNavigator 
reservoir modelling tool from Rock Flow Dynamics was used; this software suggests a new approach to hydraulic fracture 
simulation, in which the “right” simulation of fractures is reached by considering them as part of the well and creating a 
network of virtual perforations intersected by the assumed fracture surfaces (Rock Flow Dynamics 2011a, 2011b). The 
efficiency of fractures is modelled by efficiency of virtual perforations and proppant properties. This technique gives a much 
more realistic calculation of gas flow to the well in comparison with conventional reservoir simulation tools, where hydraulic 
fractures are mainly simulated by using negative skins. 
 
Deconvolution and well test analysis 
The synthetic data from reservoir modelling and real observed data for 5 wells were interpreted separately in well test analysis 
software. Since we are producing gas, pressure history was converted to normalized pseudo-pressure for the purpose of 
linearization of diffusivity equation for gas reservoirs (Meunier et al. 1987). 
The deconvolution technique was applied for both sets of data because this method is useful for shale gas reservoirs where 
production is characterized by high rates directly after hydraulic fracturing and gradually decreasing rates after, and pressure 
transient data, even when available, is very short and noisy. It is worth noting that deconvolution does not increase the radius 
of investigation of the well, but gives an access to the radius of investigation corresponding to the entire test. For the data 
analyzed in this paper, which was sometimes too scattered and with some errors in rates, deconvolution was able to produce 
stable, smooth and interpretable results.  
Deconvolution was completed with Imperial College internal software TLSD which uses the effective algorithm for 
deconvolution presented by von Schroeter et al. (2001), based on the Total Least Square method. This method estimates 
adapted rates and normalized pressure derivative by minimizing an objective function which is a weighted combination of 
pressure and rate matches and a curvature element which is used to smooth the deconvolved derivative (Gringarten 2010). 
Variable rate pressure history was converted into an equivalent unit rate initial drawdown with a duration equal to the total 
duration of the test and later conventionally analyzed in WTA software. 
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In WTA an equivalent single fracture with a half-length xmf equal to the sum of all individual fracture half-lengths xf was 
assumed (Houzé et al. 2010) which is a current solution in industry for the interpretation of multi-fractured horizontal wells: 
𝑥𝑚𝑓  = 𝑛 ∗ 𝑥𝑓...........................................................................................................................................................................(1)  
where n is a number of individual fractures.                                                                                                                                                                                
Based on the known data a possible range of values was obtained before WTA and used for quality check of results. 
Tables 1a and 1b summarize the range of values for wells 1, 2 and 5 where the number of fracture stages was 12, and wells 3 
and 4 with 8 fracture stages. 
 
Table 1a ─ Possible range of values for the wells 1, 2 and 5 
Case Low Mid High 
Number of fractures per stage 0.4 0.8 1.5 
Half-length, xf (ft) 100 250 500 
Permeability, k (md) 4*10
-6
 4*10
-4
 4*10
-3
 
Sum of all individual fractures half-lengths, xmf (ft) 480 2400 9000 
 
Table 1b ─ Possible range of values for the wells 3 and 4 
Case Low Mid High 
Number of fractures per stage 0.4 0.8 1.5 
Half-length, xf (ft) 100 250 500 
Permeability, k (md) 4*10
-6
 4*10
-4
 4*10
-3
 
Sum of all individual fractures half-lengths, xmf (ft) 320 1600 6000 
 
Results and analysis 
Shale gas reservoir modelling 
Exploitation of shale gas reservoirs has become economically viable because of advanced technologies like horizontal drilling 
and multi-stage fracturing. However, due to the complexity of hydraulic fracture growth and poorly understood shale gas 
formation behaviour, a quantity of sources information is required for characterization of non-exploited or already producing 
shale gas reservoirs. Reservoir modelling is potentially the best method to understand the behaviour of a shale gas reservoir, to 
characterize fluid flow and evaluate multi-fractured horizontal well performance. This tool is even more important when the 
data from other sources like microseismic mapping, petrophysics, PVT and production history are available. 
In this study, 3 separate simple shale gas models for 3 areas with slightly different petrophysical parameters were built, and 
rate and pressure forecasts for 5 separate wells as well as for the whole field were given. The example in Figure 3 illustrates a 
2D map view of pressure distribution in psia after simulating 30 years of production for the area 3 with the wells number 1 and 
3. As we can see, the pressure was depleted mostly in perpendicular hydraulic fracture cells (blue colour) and much less in an 
elliptical area (green and yellow colours) outside the fractures resulting from the very low matrix permeabilities. The 
interference among the individual fractures is already observable (light blue and green colours) after such a period of 
production. 
The production forecast for area 3, with high rates straight after the hydraulic fracturing and steadily decreasing rates for 30 
years after for the same area, is described by Figure 4. In this figure, the second spike in production history was caused by 
well 1 which was started several months later. 
 
        
 Figure 3 ─ Area 3: 2D map view of pressure distribution after 
30 years of production  
   Figure 4 ─ Production forecast for 30 years for area 3  
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Actual data from the 5 given wells was essential to use during history matching, to validate the model against observed 
data. Figures 5 and 7 show the comparison between observed and simulated rates for wells 1 and 3, respectively, where 
hydraulic fracture properties like individual fracture half-length were slightly tuned (see Appendix F) to closely match the 
actual data. Figures 6 and 8 illustrate gas production forecast for the same well where all the parameters used for history 
matching were applied. The same method was used to simulate and forecast production for other wells (see Appendix F). 
 
       
 
 
 
          
 
 
 
Individual well simulation was followed by whole field modelling. Figure 9 shows history matching of gas production and 
cumulative gas produced for the whole field where vertical spikes are due to an additional well being put into production. The 
production forecast for the entire field predicted high rates in the beginning followed by slowly decreasing rates for a long 
time (Figure 10). 
 
      
 
 
 
Figure 5 ─ Well 1: Comparison of observed vs. simulated 
rates.  
Figure 6 ─ Well 1: Gas production forecast for 10 years.   
Figure 7 ─ Well 3: Comparison of observed vs. simulated 
rates.  
Figure 8 ─ Well 1: Gas production forecast for 10 years.   
Figure 9 ─ Entire field: Comparison of observed vs. simulated 
rates.  
Figure 10 ─ Entire field: Gas production forecast for 20 
years.   
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Well test analysis 
The simulated pressures from shale gas reservoir production modelling were used in well test analysis to understand the 
behaviour of the reservoir and later compare with the WTA results obtained for observed data. 
For unconventional shale gas reservoirs, well test analysis is challenging and complex with very long transient periods 
caused by extremely tight formations and the main outputs of interpretation are average permeability and hydraulic fracture 
properties. Production from shale gas reservoirs is characterized by high rates instantly after hydraulic fracturing and gradually 
decreasing rates thereafter, and pressure transient data, even when it is available, is very short and noisy.  
In this paper, in order to proceed with WTA the real rates were averaged to decrease the number of drawdowns and to have 
some interpretable flow periods (FP). The observed data was noisy and sometimes too scattered, so deconvolution technique 
was applied to convert variable rate pressure history into an equivalent unit rate initial drawdown. Deconvolution of entire 
period history was done and it was able to produce stable, smooth and interpretable results using appropriate weight 
parameters ν for rate match and λ for curvature (von Schroeter et al. 2001).  
If the flow period used for deconvolution is infinite acting deconvolved derivatives are sensitive to an average reservoir 
initial pressure. The normal procedure of obtaining initial pressure (pi) is a trial and error process when 2 or more infinite 
acting buildups show the same deconvolved derivative if pi is correct (Levitan et al. 2004). However in our study no buildup 
periods were available to estimate initial pressure, so pi obtained from other sources was used. 
WTA of synthetic data from reservoir modelling tool. Figure 11 illustrates the deconvolved entire pressure history for 
well 1 with pi = 3974.6 psia believed to be most representative initial pressure for this well. We can observe the impact of λ, 
where the default value of this regularization parameter (λdef = 5.54498E+06 in example) was increased to the factor of 10 and 
100 to smooth the deconvolved derivative, whereas ν was set as a default value. All the deconvolved derivatives congregate at 
late time showing same trend. 
Pressure and mainly pressure derivative shapes were used to diagnose and identify different flow regimes at early, middle 
and late time of WTA (Figure 12). A unit slope straight line of wellbore storage both on pressure and derivative was observed 
at early time, which was followed later by a half unit slope straight line of derivative corresponding to linear flow of a 
fractured well, which is a most likely behaviour of a multi-fractured horizontal well. There is no stabilization indicating radial 
flow, so good estimate of permeability is necessary before well test analysis. 
 
    
 
 
 
Figure 13 shows the difference between adapted and input rates, where erroneous input rates were corrected. Important 
verification of deconvolution quality is pressure history match as illustrated in Figure 14. The difference between convolved 
pressure history and actual pressure history is less than 10 % (green line), which means that deconvolution was completed 
successfully. Some errors in pressures were observed during individual drawdowns but the general trend is satisfactory. 
 
                  
Figure 11 ─ Well 1: Impact of λ on deconvolution of an entire 
pressure history. 
Figure 13 ─ Well 1: Rate history match. Figure 14 ─ Well 1: Pressure history match. 
Figure 12 ─ Well 1: Log-log plot. 
Input rates 
Adapted rates 
Difference, % 
Actual pressure history 
Convolved pressure history 
Adapted rates 
Difference, % 
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After checking the quality of deconvolution, well test analysis techniques were applied to analyze unit rate drawdown. 
Matrix permeability was forced to 4*10
-4
 md value, which was used in numerical simulation. A single equivalent fracture was 
applied for analysis of data from multi-fractured horizontal wells and a reasonably good match was obtained between the 
actual data and our model in log-log, Horner and simulation plots (Figure 15). 
 
 
 
 
Table 2 summarizes the final results of well test analysis of unit rate drawdown for synthetic pressure history of well 1, 
accounting for the uncertainties in basic well and reservoir parameters as well as uncertainties in the quality of the match, as 
described by Azi et al. (2008). In this paper, based on a number of oil and gas WTA, it was shown that the error in 
permeability-thickness kh could be 15%, in permeability k and wellbore storage coefficient C – 20%, in the skin factor S – 
±0.3, and in distances – 25%. Normally, the minimum value of the skin is -5.5 for a fractured well, however in our analysis 
skin of -9 was observed. 
 
Table 2 ─ Well 1: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
Kh 0.06 ± 0.01 md-ft 
K 4*10
-4
 ± 8*10
-5 
md 
C 0.5 ± 0.1 bbl/psi 
Sw 0 
St -9.2 ± 0.3 
xmf 7000 ± 1400 ft 
 
By the normal procedure the model obtained from deconvolution should be applied to observed data to make a 
conventional analysis, but in our case this was not done because of uninterpretable actual individual drawdowns. 
The same interpretation process was applied for the other 4 wells and they provided reasonable values for all parameters. 
The main important outputs such as matrix permeability and sum of all individual fractures half-lengths were found within the 
theoretical range of values described in Tables 1a and 1b (see Appendix G). 
Figure 15 ─ Well 1: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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WTA of observed data. Pressure transient analysis of observed data was also completed using deconvolution of an entire 
pressure history and analyzing unit rate drawdown in a conventional way. Given well head pressure was converted to 
bottomhole and the same procedure as discussed for synthetic data in the previous case was used.  
Figure 16 shows the comparison between real and averaged rates which was completed to decrease the number of flow 
periods for the production data of well 1. The original data was noisy, but deconvolution was able to produce smooth and 
interpretable outputs. Figure 17 reveals the same trend for deconvolved flow periods 3 and 4 as well as for deconvolved entire 
pressure history with varied values of λ. All the deconvolved derivatives converge at the end showing consistent deconvolution 
and same trend. 
 
             
 
  
 
Figure 18 shows how unit rate drawdown of entire pressure history was analyzed. In the log-log diagnostic plot we can see 
that a unit slope straight line of wellbore storage both on pressure and derivative was observed at early time and followed by a 
half unit slope straight line of derivative corresponding to linear flow of a fractured well, which is a most likely behaviour of a 
multi-fractured horizontal well. The obtained match between the actual data and the model in log-log, Horner and simulation 
plots was good. The derivative trends towards stabilization at the end. This gives higher values of permeability outside the 
theoretical range of values described in Tables 1a and 1b. 
 
  
Figure 16 ─ Well 1: Comparison of averaged and original rate 
histories 
Figure 17 ─ Well 1: Deconvolved derivatives 
Figure 18 ─ Well 1: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Table 3 summarizes the results of well test analysis of unit rate drawdown for observed pressure history of well 1, taking 
into consideration uncertainties mentioned in analysis of synthetic data and errors in pressure and rate measurements. 
Normally, the minimum value of the skin is -5.5 for a fractured well, but in our analysis skin of -7 was observed. The cause of 
high negative skin value could be from several factors, such as reactivation of natural fractures. 
 
Table 3 ─ Well 1: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
Kh 2.25 ± 0.35 md-ft 
K 0.015 ± 3*10
-3 
md 
C 2 ± 0.4 bbl/psi 
Sw 0 
St -7.2 ± 0.3 
xmf 980 ± 190 ft 
 
Conventional analysis of observed data was not done due to uninterpretable actual individual drawdowns. The same 
methodology of WTA was applied for the other 4 wells, with the main important outputs such as matrix permeability and sum 
of all individual fractures half-lengths found to be within the confines of values discussed in Tables 1a and 1b (see Appendix 
H). 
 
Single equivalent fracture vs. multiple fractures 
To further test the ability of equivalent single fracture to analyze well test data from multi-fractured horizontal wells, the 
numerical simulation was carried out using fine grid near the fracture. Kappa Engineering software Saphir was used for this 
purpose and simulated pressures from a test design of horizontal well with multiple fractures were analyzed using equivalent 
single fracture solution. 
Figure 19 illustrates how the WTA package used fine gridding near fractures to simulate the behaviour of horizontal well 2 
with multiple fractures. This is more correct than most of the commercial simulators which use the same grid everywhere with 
only a manual option to local grid refinement. 
  
 
 
 
Most likely petrophysical, PVT and well data was used to simulate designed pressures (Table 4) with mid case values k 
equal to 4*10
-4
 md, fracture  half  length of 250 ft, number of fractures 10 and 6 for wells 1, 2, 5 and 3, 4, respectively, and  
mechanical skin equal to 0.  
 
Table 4 ─ Parameters used in numerical simulation model of multi-fractured horizontal well 
Well 1 2 3 4 5 
Number of fractures  10 10 6 6 10 
Fracture half-length, xf (ft) 250 250 250 250 250 
Permeability (md) 4*10
-4
 4*10
-4
 4*10
-4
 4*10
-4
 4*10
-4
 
 
In WTA an equivalent single fracture with a half-length xmf equal to the sum of all individual fracture half-lengths xf was 
assumed and same parameters were used, except fracture half-length, which was modified to match the data. 
Figure 19 ─ Well 2: Gridding used in numerical simulation of horizontal well with multiple fractures 
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The simulated pressure history was analyzed in a conventional way, as we can see in Figure 20 where well 2 was shown as 
an example. A half unit slope straight line of dominant fracture flow behaviour after a unit slope straight line of wellbore 
storage was observed.  A good match was obtained between the actual data and the model in log-log, Horner and simulation 
plots.                          
 
 
 
 
The same analysis was completed for the rest of the wells (see Appendix I). Table 5 illustrates the differences between 
single equivalent fracture half-length obtained from WTA and theoretical half-length calculated by multiplying the number of 
fractures to an individual fracture half-length. 
 
Table 5 ─ Single equivalent fracture vs. multiple fractures 
 xmf from WTA, ft Theoretical xmf, ft 
well 1  2000  2500 
well 2  3400  2500 
well 3  1500  1500 
well 4  2100  1500 
well 5  3200  2500 
 
Interpretation with single equivalent fracture mostly overpredicted the fracture half-length by 20-25 %, possibly because it 
was not considering interference between individual fractures, which happens at middle and late times. This is not a big error 
accounting for the non-uniqueness of the interpretations and uncertainties in match parameters, so a single equivalent fracture 
could be used to estimate fracture properties of a multi-fractured horizontal well in a shale gas reservoir. 
 
Discussion 
In this paper, 2 main characterization methods for shale gas reservoirs, reservoir and fracture modelling and well test analysis, 
were discussed. Of course, some of the popular characterization tools were missed. For instance, production data analysis was 
not discussed, but it is a very important and useful tool in describing and predicting the performance of an already producing 
shale gas field and it was studied in a number of publications already mentioned in this paper. The desorption effect also was 
not studied in detail, because the given wells were producing at operating pressures much higher than Langmuir pressure, so 
this effect was insignificant in our example. 
FP 28 
Figure 20 ─ Well 2: Analysis of FP 28 using an equivalent single fracture solution. 
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There have been a number of important and valuable studies both in shale gas reservoir modelling, especially recently, and 
relatively less in well test analysis of data from a shale gas reservoir. However, the uniqueness of the present paper is that the 
effects of a new approach to hydraulic fracture modelling in a numerical simulator were tested for a given field with data for 5 
wells. In terms of well test analysis of the data from shale gas formations, deconvolution technique was successfully applied 
for both synthetic and observed production data. Therefore, the results that were obtained in the current paper could be 
regarded as a new and original contribution.  
Well test analysis using a single equivalent fracture instead of real multiple fractures overpredicted the performance of the 
horizontal wells. The cause of error might be from several factors, such as interference among the individual hydraulic 
fractures. 
 
Conclusions 
The approach presented in this paper both for fracture modelling and well test analysis in shale gas reservoirs was successfully 
applied for synthetic and observed data from a number of wells. During this study, various observations were made, which 
have led to the concluding remarks as follows: 
 Petrophysics, microseismic, production data and other information from different sources are essential before starting 
shale gas reservoir modelling or well test analysis in this type of reservoir. 
 Reservoir simulation with hydraulic fracture modelling using history matching is a good tool for understanding shale 
gas reservoir behaviour and the performance of multi-fractured horizontal wells. 
 Reservoir modelling could be successfully used for predicting long-term characteristics of multi-fractured horizontal 
wells, such as forecasting gas rates and cumulative gas production from UGRs. 
 Well test analysis applying the deconvolution technique could be used to give an access to the radius of investigation 
corresponding to the entire test. Fracture properties and reservoir parameters could be estimated by interpreting unit 
rate drawdown in the conventional way.  
 A good estimation of pi from other sources is essential before applying deconvolution, as well as an estimate of 
induced fractures half-lengths and matrix permeabilities resulting from the almost never reached radial flow period 
during pressure transient tests. 
 Large single equivalent fracture of half-length xmf=n*xf could be used instead of multiple n fractures with individual 
fracture half-length xf in spite of overpredicting fracture half-length to some extent. 
 Desorption effect might be not significant in shale gas reservoirs where flowing bottom hole pressure is much higher 
than Langmuir pressure. 
 
Recommendations for further studies 
The results and conclusions derived from this study are not unique or undisputed, so further studies are required to improve the 
methodology of reservoir modelling and well testing in shale gas reservoirs. 
The present study used a limited amount of real data which was, to say the least, not of good quality. More production data 
from a variety of real fields is required to improve the approach of simulation of typical exploitation of shale gas reservoir with 
one and several horizontal wells with perpendicular hydraulic fractures and to establish well test methodology for a data from 
these wells. 
The present study did not consider such effects as stress dependence (Cipolla et al. 2009c) and possible considerable water 
production which was used during well stimulation or effect of natural fracture networks. 
Reservoir modelling and interpretation of available well tests require integration of all information from various sources 
like petrophysics and microseismic mapping if they are available. Use of numerical models which account for nonlinearities is 
recommended, though for the data analyzed in this paper, there are no non-linearities preventing the use of well test analysis 
techniques including deconvolution. 
 
Nomenclature 
2D 
C 
FP 
k 
kh 
n 
nm(p) 
pi 
PVT 
S 
St 
Sw 
SRV 
= Two dimensional 
= Wellbore storage coefficient, bbl/psi 
= Flow period 
= Permeability, md 
= Permeability-thickness, md-ft 
= Number of individual fractures 
= Normalized pseudo-pressure, psia 
= Initial pressure, psia 
= Pressure/volume/temperature 
= Skin factor, dimensionless 
= Total skin, dimensionless 
= Mechanical skin, dimensionless 
= Stimulated reservoir volume 
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UGR 
xf 
xmf 
WTA 
λ 
λdef 
ν 
 
= Unconventional gas reservoir 
= Individual hydraulic fracture half-length, ft 
= Equivalent single hydraulic fracture half-length, ft 
= Well test analysis 
= Regulization parameter in deconvolution 
= Default value of regulization parameter in deconvolution 
= Weight parameter for rate in deconvolution 
 
Subscripts 
f = fracture 
mf = multiple fractures  
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APPENDICES 
 
Nomenclature in Appendix 
 
ID 
h 
mpp 
N/G 
OD 
PL  
rw 
Sg 
TF 
TR 
TS 
TOC 
TVD 
VL  
zw 
ρB 
λ 
φ 
ω 
 
= Inner diameter, in 
= Net thickness, ft 
= Middle point of perforations, ft 
= Net to gross ratio, fraction 
= Outer diameter, in 
= Langmuir pressure, psia 
= Well radius, ft 
= Gas saturation, fraction 
= Flowing temperature, 
o
F 
= Reservoir average temperature, 
o
F 
= Shut-in temperature, 
o
F 
= Total organic carbon, fraction 
= True vertical depth, ft 
= Langmuir volume, scf/ton 
= The distance from the horizontal part of the well to the bottom of formation, ft 
= Bulk density, g/cc 
= Scale of heterogeneity in dual porosity model 
= Porosity, fraction 
= Fluid capacitance of fissures porosity in dual porosity model 
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Appendix A - Critical milestones 
  
Table A-1─Milestones in shale gas study 
 
SPE 
Paper n 
Year Title Authors Contribution 
426 1963 “The Behavior of  
Naturally Fractured 
Reservoirs” 
J.E. Warren,  
P.J. Root 
First to present a dual porosity model for 
naturally fractured reservoirs consisting of 
primary (matrix) and secondary (fissures) 
porosity. Shale reservoirs could be described 
with this model. 
1243 1966 “The Flow of Real 
Gases through Porous 
Media” 
R. Al-Hussainy, 
H.J. Ramey, Jr., 
P.B.Crawford 
First introduced pseudo-pressure definition (real 
gas potential) to linearize diffusivity equation for 
flow of gas: to deal with the changing gas 
properties like gas viscosity  which varies with 
pressure. 
9397 1980 “Transient flow in 
naturally fractured 
reservoirs and its 
application to 
Devonian gas shales” 
F. Kucuk,  
W. K. Sawyer 
One of the first developments of well testing 
techniques for shale gas reservoirs by using 
analytical methods and the numerical simulator. 
Transient matrix-fracture transfer model 
incorporating gas pseudo-pressure was 
presented. 
14251 1988 “Pressure Analysis for 
Horizontal Wells” 
F. Daviau,  
G. Mouronval,  
G. Bourdarot,  
P. Curutchet 
First analytical solution for infinite conductivity 
horizontal well model. 
Most of the shale gas wells are horizontal. 
15227 1988 “Gas-Well Testing in 
the Presence of 
Desorption for Coalbed 
Methane and Devonian 
Shale” 
A.C. Bumb,  
C.R. McKee 
First analytical solution for single phase gas flow 
when gas is present both as free gas and 
adsorbed on the matrix. The adsorption isotherm 
were described and effects of desorption was 
analyzed. 
28389 1994 “Pressure-Transient 
Behavior of Horizontal 
Wells with Finite-
Conductivity Vertical 
Fractures” 
L.Larsen,   
T.M Hegre  
One of the first papers which describe 
performance and pressure transient behaviour of 
horizontal wells with multiple fractures. Flow 
regimes that multi-fractured horizontal wells 
could theoretically exhibit were discussed. 
71574 2001 “Deconvolution of Well 
Test Data as a 
Nonlinear Total Least 
Squares Problem” 
T. von Schroeter, 
F.  Hollaender, 
A.C. Gringarten 
 
First to introduce new stable deconvolution 
algorithm to convert variable rate pressure 
history into an equivalent unit rate initial 
drawdown. Deconvolution technique is very 
useful for shale gas reservoirs where production 
characterized by high rates immediately after 
hydraulic fracturing and steadily decreasing rates 
after, and pressure transient data, even when is 
available is very short and noisy. 
Kappa 2011 “The Analysis of 
Dynamic Data in Shale 
Gas Reservoirs - Part 1 
(Version 2)” 
O.Houzé, 
E.Tauzin, 
V.Artuz, 
L.Larsen 
Kappa’s paper with the description of all main 
up to date techniques available in industry to 
characterize dynamic data from shale gas 
reservoirs. 
145080 2011 “Reservoir Engineering 
for Unconventional Gas 
Reservoirs: What Do 
We Have to Consider?” 
C.R.Clarkson, 
J.L.Jensen, 
T.A.Blasingame 
One of the first papers which combines and 
describes all up to date shale gas reservoir 
characterization techniques including reservoir 
modelling and well test analysis. 
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Appendix B - Critical literature review 
 
SPE 426 (1963) 
 
The Behavior of Naturally Fractured Reservoirs 
 
Authors:  Warren, J.E. and Root, P.J. 
 
Contribution to the understanding of shale gas reservoirs: 
First to present a dual porosity idealized model for naturally fractured reservoirs consisting of primary 
(matrix) and secondary (fissures) porosity. Shale reservoirs could be described with this model. 
 
Objective of the paper: 
To study the characteristic behaviour of a naturally fractured or vugular reservoir, which are permeable 
mediums with regions of a significant contribution to the pore volume of the reservoir but small or 
negligible contribution to the flow rate and throughput. 
 
Methodology used: 
The unsteady-state flow was investigated analytically. The dual porosity model presented in the 
investigation is based on several assumptions: 
 Material containing matrix porosity is homogeneous and isotropic. 
 Fracture porosity is contained within orthogonal and uniform fissures. 
 Flow can occur between the matrix and fracture porosity, but flow through the matrix porosity 
elements couldn’t occur. 
Semilog plots were used to analyze the results. 
Conclusion reached:  
 2 parameters are sufficient to describe the deviation of dual porosity behaviour from a 
homogeneous medium and they can be obtained from pressure buildup tests – ω, fluid capacitance 
of fissures porosity and λ, scale of heterogeneity. 
 Double porosity type curve is similar to the one from stratified reservoir, so interpretation is non-
unique and additional information is required. 
 Analysis of data from the end of buildup should be done with a caution when it is possible to see 
effect of reservoir boundaries. 
Comments: 
The dual porosity solution developed in this paper was fundamental for describing naturally fractured 
reservoirs. 
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SPE 1243 (1966) 
 
The Flow of Real Gases through Porous Media 
 
Authors:  Al-Hussainy, R., Ramey, Jr., H.J., and Crawford, P.B. 
 
Contribution to the understanding of shale gas reservoirs: 
First introduced pseudo-pressure definition (real gas potential) to linearize diffusivity equation for flow of 
gas: to deal with the changing gas properties like gas viscosity which varies with pressure. 
 
Objective of the paper: 
To introduce and describe fundamental considerations which could be used in analysis of flow of real 
gases through porous media. 
 
Methodology used: 
 All required physical properties were correlated as functions of pseudo-reduced parameters and 
compressibilities of gases were correlated as reduced compressibilities. 
 Finite difference solution for production of real gas was correlated with liquid flow solutions and 
the assumption of small pressure gradients was avoided. 
 Application of the real gas pseudo-pressure to radial flow systems under transient, steady-state 
and pseudosteady-state production and injection was considered. 
 Superposition of the linearized real gas flow solutions was compared to finite-difference solutions 
with variable rate real gas problems and found satisfactory to generate variable rate flow of real 
gases. 
Conclusion reached:  
 A rigorous gas flow equation was developed which is a second order, non-linear partial 
differential equation with variation coefficients. 
 Real gas pseudo-pressure reduces a rigorous partial differential equation for the real gas flow in 
an ideal system to become similar to the diffusivity equation for slightly compressible fluids. 
Comments: 
The pseudo-pressure function (real gas potential) developed in this paper is used instead of pressures in 
well test analysis of gas reservoirs. 
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SPE 9397 (1980) 
 
Transient flow in naturally fractured reservoirs and its application to Devonian gas shales 
 
Authors:  Kucuk, F. and Sawyer, W.K. 
 
Contribution to the understanding of shale gas reservoirs: 
One of the first developments of well testing techniques for shale gas reservoirs by using analytical 
methods and the numerical simulator. Transient matrix-fracture transfer model incorporating gas pseudo-
pressure was presented. 
 
Objective of the paper: 
To develop well testing techniques for Devonian gas shale reservoirs using both analytical and numerical 
solutions. 
 
Methodology used: 
 Mathematical model describing gas flow through the fractured shale reservoir was given. 
 Analytical solutions of idealized gas flow system were developed. 
Conclusion reached:  
 Conventional well test methods does not usually work for fractured shale gas reservoirs, such as 
Warren and Root model not always applicable for fractured reservoirs. 
 In most cases the semilog plot is not showing 2 parallel straight lines with a vertical separation. 
 If dimensionless time is greater than 50, the double porosity system will behave as a 
homogeneous. 
 4 parameters for description of fractured reservoir were defined. 
 Type-curve matching could give fracture permeability that higher that true fracture permeability. 
Comments: 
Authors of this paper analyzed number of well test data from shale gas reservoirs and tried to establish 
well testing techniques for such type of formations. 
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SPE 14251 (1988) 
 
Pressure Analysis for Horizontal Wells 
 
Authors:  Daviau, F., Mouronval, G., Bourdarot, G., and Curutchet, P. 
 
Contribution to the understanding of shale gas reservoirs: 
First analytical solution for uniform flux or infinite conductivity horizontal well model was developed. 
Most of the shale gas wells are horizontal. 
 
Objectives of the paper:  
To decide whether pressure transient test has to be made, to optimize test time and to interpret available 
data with applicable methods. 
 
Methodology used: 
Transient behaviour of a well with uniform flow and with no wellbore storage and no skin approach was 
described first in a paper. Then analytical solution for a well with wellbore storage and skin with the 
effect of boundaries of reservoir was also developed.  
 
Conclusion reached:  
The behaviour of horizontal well was studied and analytical solutions, usable by minicomputers were 
developed. 2 flow regimes interpretable by semi-log analysis - vertical radial flow and horizontal pseudo-
radial flow were observed. Time criteria to determine start and end of these regimes were established. 
 
Comments: 
This paper was useful in further development of solution for fractured horizontal wells. 
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SPE 15227 (1988) 
 
Gas-Well Testing in the Presence of Desorption for Coalbed Methane and Devonian Shale 
 
Authors:  Bumb, A.C. and McKee, C.R. 
 
Contribution to the understanding of shale gas reservoirs: 
First analytical solution for single phase gas flow when gas is present both as free gas and adsorbed on 
the matrix. The adsorption isotherm were described and effects of desorption was analyzed. 
 
Objective of the paper: 
To introduce and describe desorption phenomena and to establish analytical solutions for gas flow in 
coalbed methane and shale gas reservoirs. 
 
Methodology used: 
Single-phase gas flow was assumed, because most shale gas reservoirs have low water content. Flow 
equations and analytical solution were developed for gas formations where gas could be found as both 
free gas and adsorbed gas. Numerical simulation was used to check derived analytical solution. Then, 
analytic solution was used to obtain reservoir properties and to understand desorption effect on gas 
production. 
 
Conclusion reached:  
 Test with a constant gas mass flow rate is a simplest for analysis. 
 Desorption effect cannot be detected from a single well analysis because of resulting straight line 
in a semi-log of pseudo-pressure vs. pseudo-time whether this phenomena present or not. 
 Desorption effect causes increased effective permeability. 
 If Langmuir volume is known from core analysis, Langmuir pressure can be determined, so 
Langmuir isotherm can be defined. 
 The total production from reservoirs with adsorbed gas can be much higher than from 
conventional gas reservoirs. 
Comments: 
It was assumed that desorption follows Langmuir isotherm. The analytical solutions derived in this paper 
are essential for analysis of shale gas reservoirs. 
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SPE 28389 (1994) 
 
Pressure-Transient Behavior of Horizontal Wells with Finite-Conductivity Vertical Fractures 
 
Authors:  Larsen, L. and Hegre, T.M 
 
Contribution to the understanding of shale gas reservoirs: 
One of the first papers which describes performance and pressure transient behaviour of horizontal wells 
with multiple fractures. Flow regimes that multi-fractured horizontal wells could theoretically exhibit 
were discussed. 
 
Objective of the paper: 
To investigate pressure transient behaviour of horizontal well with single or multiple fractures and to 
discuss flow regimes exhibited by these wells. 
 
Methodology used: 
Solution for horizontal well with fractures was based on numerical integration of Laplace transformed 
point-source solutions. Emphasis on flow regimes that could be observed was done. 
 
Conclusion reached:  
 We could observe fracture linear, bilinear, formation linear and pseudo-radial flow regimes in a 
horizontal well with long single fracture or multiple transverse fractures or rectangular fractures. 
 Conventional straight line analysis methods could be used for analysis of mentioned above flow 
periods assuming a single fracture and with rate divided to the number of fractures at early time 
and total rate at late time. 
Comments: 
This paper was useful in further development of analytical solution for multi-fractured horizontal wells. 
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SPE 71574 (2001) 
 
Deconvolution of Well Test Data as a Nonlinear Total Least Squares Problem 
 
Authors:  von Schroeter, T., Hollaender, F. and Gringarten A.C. 
 
Contribution to the understanding of shale gas reservoirs: 
First to introduce new stable deconvolution algorithm to convert variable rate pressure history into an 
equivalent unit rate initial drawdown. Deconvolution technique is very useful for shale gas reservoirs 
where production characterized by high rates immediately after hydraulic fracturing and steadily 
decreasing rates after, and pressure transient data, even when is available is very short and noisy. 
 
Objective of the paper: 
To develop new formulation of deconvolution algorithm which is capable of producing smooth and 
interpretable reservoir estimates from raw data with large errors. 
 
Methodology used: 
Application of total least square formulation for well test analysis which is accounts for uncertainties in 
the rate and pressure data was developed. Implicit solution space was used to encode response in a natural 
way, so sign of the reservoir response has no constraints. 
 
Conclusion reached:  
New deconvolution method is capable of deconvolving smooth and interpretable reservoir response from 
data with error in rates up to 10%. 
 
Comments: 
This paper was important in further development of deconvolution method in well test analysis and 
suggested deconvolution algorithm has been implemented in most commercial WTA softwares. 
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JCPT 46 (10): 55-61 (2007) 
 
Nanoscale gas flow in Shale Gas Sediments 
 
Authors:  Javadpour, F., Fisher, D., and Unsworth, M. 
 
Contribution to the understanding of shale gas reservoirs: 
Mathematical modelling of gas flow in nanopores is difficult task. Gas flow in nanopores of the shale can 
be modelled with a diffusive transport regime with a constant diffusion coefficient and negligible viscous 
effects. This model can be used for shale gas evaluation and production optimization. 
 
Objective of the paper: 
To present a model of theoretical gas flow in nanopores. 
 
Methodology used: 
 Pulse decay experiments used to measure permeability. 
 Extremely high pressure mercury injection used to find pore-size distribution. 
 Gas evolution experiments from selected shale samples was done.  
 A method based on Gaussian distribution curves to determine different flow behaviour in the 
shale gas flow was applied. 
 
Conclusion reached:  
 The gas flow behaviour in shale gas sediments is studied with an emphasis on nanopore flow. 
 Extremely high pressure mercury injection tests revealed the dominance of the nanopores in shale 
samples.  
 Nanopores in shale gas sediments contribute to the gas evolution processes. Gas flow in nano-
pores deviates from the traditional flow models, such as Darcy’s equation.  
 Theoretical model of gas flow in nanopores is presented. 
 
Comments: 
This paper suggests a new theoretical model of gas flow in nanopores and shows that nanopore networks 
of shale behave differently than Darcy flow. 
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Kappa (2011) 
 
The Analysis of Dynamic Data in Shale Gas Reservoirs - Part 1 (Version 2) 
 
Authors:  Houzé, O., Tauzin, E., Artus, V., and Larsen, L. 
 
Contribution to the understanding of shale gas reservoirs: 
Kappa’s paper with the description of all main up to date techniques available to industry to characterize 
dynamic data from shale gas reservoirs. 
 
Objective of the paper: 
To identify the problems and limitations of current methodology and methods of characterization of shale 
gas reservoirs used in industry. 
 
Methodology used: 
Early and late time straight line analyses, analytical and numerical models to analyze data from shale gas 
reservoirs were discussed. Effects of desorption and unconsolidation were also studied.  
 
Conclusion reached:  
 Single equivalent fracture straight line analysis could be used to match initial months of 
production, however later interference between the fractures will result in deviation from the 
model. 
 Gas desorption could have small effect in some shale gas reservoirs caused by the operating 
pressure which is much higher than Langmuir pressure. 
 Nonlinear numerical model is a best tool to account for all specifics of shale gas reservoir. 
Comments: 
This paper is one of the technical papers written by Kappa consortium on unconventional resources to 
analyze and forecast production from shale gas reservoirs. 
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SPE 145080 (2011) 
 
Reservoir Engineering for Unconventional Gas Reservoirs: What Do We Have to Consider? 
 
Authors:  Clarkson, C.R., Jensen, J.L., and Blasingame, T.A. 
 
Contribution to the understanding of shale gas reservoirs: 
One of the first papers which combines and describes all up to date shale gas reservoir characterization 
techniques including reservoir modelling and well test analysis. 
 
Objective of the paper: 
To provide guidance to the practicing reservoir engineer on understanding data from different sources and 
introduce with reservoir characterization techniques in UGRs. 
 
Methodology used: 
Reservoir sample analysis, log analysis, WTA, production data analysis and hydraulic fracture and 
reservoir modelling methods for UGRs was described and suggestion how to perform these analyses was 
discussed. 
 
Conclusion reached:  
A workflow to optimize unconventional gas field development and some best practices for shale and tight 
gas reservoirs characterization were provided. 
 
Comments: 
This paper is intended to practicing reservoir engineers and contains many useful advices how to proceed 
with a vast amount of data from different sources in UGR. 
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Appendix C – Petrophysical data 
 
Tables C-1 to C-6 show a petrophysical data which was used to build a shale gas reservoir model. 
 
Table C-1 ─ Area 1: petrophysical data 
Area 1 
Formation Gross, ft N/G, % TOC VL, scf/ton ρB, g/cc Sg, % φ, % 
Top Ham 449.5 97 0.943 32.16 2.673 48.6 4.6 
Ham_Pay 293.8 96 1.029 33.93 2.668 48.7 4.7 
Basal Ham 40.2 90 1.618 46.09 2.636 56.0 5.4 
U. Marcellus 38.0 92 3.497 84.88 2.555 66.9 7.2 
L. Marcellus 77.2 92 2.936 73.30 2.577 64.6 6.7 
 
Table C-2 ─ Area 1 (wells 4 and 5): petrophysical data for Total Marcellus 
Net Thickness TOC VL, scf/ton ρB, g/cc Sg, % φ, % 
106.3 3.121 77.12 2.570 65.4 6.9 
 
Table C-3 ─ Area 2: petrophysical data 
Area 2 
Formation Gross, ft N/G, % TOC VL, scf/ton ρB, g/cc Sg, % φ, % 
Top Ham 468.6 79 0.346 19.83 2.705 39.8 3.9 
Ham_Pay 341.2 95 1.246 38.40 2.664 50.5 4.8 
Basal Ham 58.1 88 1.591 45.53 2.645 53.8 5.2 
U. Marcellus 53.7 88 2.850 71.51 2.582 62.9 6.6 
L. Marcellus 88.3 98 3.722 89.51 2.541 67.8 7.5 
 
Table C-4 ─ Area 2 (well 2): petrophysical data for Total Marcellus 
Net Thickness TOC VL, scf/ton ρB, g/cc Sg, % φ, % 
134.0 3.392 82.71 2.556 65.9 7.2 
 
Table C-5 ─ Area 3: petrophysical data 
Area 3 
Formation Gross, ft N/G, % TOC VL, scf/ton ρB, g/cc Sg, % φ, % 
Top Ham 402.1 86 0.444 21.86 2.697 41.9 4.1 
Ham_Pay 482.1 94 0.892 31.10 2.676 47.8 4.5 
Basal Ham 67.2 95 1.200 37.46 2.661 51.1 4.9 
U. Marcellus 49.5 98 2.812 70.74 2.583 63.3 6.6 
L. Marcellus 103.5 99 3.498 84.90 2.552 67.4 7.3 
 
Table C-6 ─ Area 3 (wells 1 and 3): petrophysical data for Total Marcellus 
Net Thickness TOC VL, scf/ton ρB, g/cc Sg, % φ, % 
150.2 3.276 80.31 2.562 66.1 7.0 
 
The P50 value used for PL, Langmuir Pressure at 100 °F was 468.6 psia. The P90 value is 338.5 psia 
and the P10 value is 676.3 psia. 
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Appendix D – Well data 
 
Figure D-1 illustrates typical design for a given 5 wells exploiting Marcellus shales. 
 
 
 
 
Table D-1 shows well completion data for 5 wells used in reservoir modelling and well test analysis. 
 
Table D-1 ─ Wells data  
   
 
 
Figure D-1 ─ Typical well design   
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Appendix E – PVT data 
 
Table E-1 shows simple PVT data for a given shale gas reservoir. 
 
Table E-1 ─ PVT data  
PVT Data 
Gravity  0.568 
N2, % 0.25 
CO2, % 0.01 
H2S, % 0.00 
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Appendix F – Reservoir simulation outputs 
 
Table F-1 summarizes the parameters resulting from history matching for the type wells number 1 and 3. 
 
Table F-1 ─ Wells 1 and 3: The parameters resulting from history matching 
 
 
 
Figures F-1 and F-5 illustrate predicted pressure distribution of areas 2 and 1, respectively. Figures F-2 
and F-6 show production forecast for the same areas. The comparison between observed and simulated 
rates and production forecast for an individual wells demonstrated at Figures F-3 and F-4, as well as 
Figures F-7 to F-10. 
 
             
 
 
 
    
Figure F-3 ─ Well 2: Comparison of observed vs. simulated 
rates.  
Figure F-1 ─ Area 2: 2D map view of pressure distribution after 
30 years of production   
   Figure F-2 ─ Production forecast for 30 years for area 2  
 
Figure F-4 ─ Well 2: Gas production forecast for 10 years.   
30  Shale Gas Well Test Analysis 
 
 
       
 
 
 
Note for Figure F-6: Wells 4 and 5 were put on production almost simultaneously. 
 
 
        
 
 
 
     
 
 
 
 
 
 
 
 
 
Figure F-5 ─ Area 1: 2D map view of pressure distribution after 
30 years of production   
Figure F-6 ─ Production forecast for 30 years for area 1 
Figure F-7 ─ Well 4: Comparison of observed vs. 
simulated rates.  
Figure F-8 ─ Well 4: Gas production forecast for 10 years.   
Figure F-9 ─ Well 5: Comparison of observed vs. 
simulated rates.  
Figure F-10 ─ Well 5: Gas production forecast for 10 years.   
Shale Gas Well Test Analysis  31 
Appendix G – WTA of deconvolved synthetic data 
 
Figure G-1 shows an analysis of unit rate drawdown for a well 2, while Table G-1 summarizes the final 
results of well test analysis for the same well. 
 
 
 
 
Table G-1 ─ Well 2: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
kh 0.054 ± 0.01 md-ft 
k 4*10
-4
 ± 8*10
-5 
md 
C 0.7 ± 0.15 bbl/psi 
Sw 0 
St -9.1 ± 0.3 
xmf 6000 ± 1200 ft 
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Figure G-1 ─ Well 2: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Figure G-2 shows an analysis of unit rate drawdown for a well 3, while Table G-2 summarizes the 
final results of well test analysis for the same well. 
 
 
 
 
Table G-2 ─ Well 3: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
kh 0.06 ± 0.01 md-ft 
k 4*10
-4
 ± 8*10
-5 
md 
C 0.4 ± 0.1 bbl/psi 
Sw 0 
St -8.9 ± 0.3 
xmf 4950 ± 1000 ft 
 
 
 
 
 
 
 
 
 
 
 
Figure G-2 ─ Well 3: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Figure G-3 shows an analysis of unit rate drawdown for a well 4, while Table G-3 summarizes the 
final results of well test analysis for the same well. 
 
 
 
 
Table G-3 ─ Well 4: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
kh 0.04 ± 0.006 md-ft 
k 4*10
-4
 ± 8*10
-5 
md 
C 0.5 ± 0.1 bbl/psi 
Sw 0 
St -8.8 ± 0.3 
xmf 4650 ± 900 ft 
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Figure G-3 ─ Well 4: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Figure G-4 shows an analysis of unit rate drawdown for a well 5, while Table G-4 summarizes the 
final results of well test analysis for the same well. 
 
 
 
 
Table G-4 ─ Well 5: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
kh 0.04 ± 0.006 md-ft 
k 4*10
-4
 ± 8*10
-5 
md 
C 0.4 ± 0.1 bbl/psi 
Sw 0 
St -8.1 ± 0.3 
xmf 2400 ± 500 ft 
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Figure G-4 ─ Well 5: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Appendix H – WTA of deconvolved observed data 
 
Figure H-1 shows an analysis of unit rate drawdown for a well 2, while Table H-1 summarizes the final 
results of well test analysis for the same well. 
 
 
 
 
Table H-1 ─ Well 2: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
kh 1.34 ± 0.2 md-ft 
k 0.01 ± 0.002
 
md 
C 0.3 ± 0.06 bbl/psi 
Sw 0 
St -6.1 ± 0.3 
xmf 320 ± 60 ft 
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Figure H-1 ─ Well 2: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Figure H-2 shows an analysis of unit rate drawdown for a well 3, while Table H-2 summarizes the 
final results of well test analysis for the same well. 
 
 
 
 
Table H-2 ─ Well 3: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
kh 2.4 ± 0.4 md-ft 
k 0.015 ± 0.003
 
md 
C 2 ± 0.4 bbl/psi 
Sw 0 
St -6.9 ± 0.3 
xmf 800 ± 160 ft 
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Figure H-2 ─ Well 3: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Figure H-3 shows an analysis of unit rate drawdown for a well 4, while Table H-3 summarizes the 
final results of well test analysis for the same well. 
 
 
 
 
Table H-3 ─ Well 4: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
kh 0.04 ± 0.006 md-ft 
k 4*10
-4
 ± 8*10
-5 
md 
C 0.3 ± 0.06 bbl/psi 
Sw 0 
St -7.5 ± 0.3 
xmf 1250 ± 250 ft 
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Figure H-3 ─ Well 4: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Figure H-4 shows an analysis of unit rate drawdown for a well 5, while Table H-4 summarizes the 
final results of well test analysis for the same well. 
 
 
 
 
Table H-4 ─ Well 5: Reported results of WTA  
Well 
Horizontal with infinite 
conductivity vertical fracture 
Reservoir  Homogeneous 
Boundary Infinite lateral extent 
kh 0.1 ± 0.015 md-ft 
k 1*10
-3
 ± 2*10
-4 
md 
C 2.3 ± 0.5 bbl/psi 
Sw 0 
St -7.6 ± 0.3 
xmf 1370 ± 270 ft 
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Figure H-4 ─ Well 5: Analysis of the unit rate drawdown generated from deconvolving entire pressure history. 
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Appendix I – Single equivalent fracture vs. multiple fractures 
 
Table I-1 shows the parameters which was used to design the behaviour of multi-fractured horizontal 
wells. Data from well 1 is shown as example. 
 
Table I-1─Well 1: Example of multi-fractured horizontal well numerical model parameters 
  
 
 
Figures I-1 to I-4 show analysis of simulated pressures from test design of horizontal well with 
multiple fractures. These pressures were analyzed using equivalent single fracture solution. 
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Figure I-1 ─ Well 1: Analysis of FP 23 using an equivalent single fracture solution. 
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Figure I-2 ─ Well 3: Analysis of FP 42 using an equivalent single fracture solution. 
Figure I-3 ─ Well 4: Analysis of FP 139 using an equivalent single fracture solution. 
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Figure I-4 ─ Well 5: Analysis of FP 170 using an equivalent single fracture solution. 
